1. The kinetics and sensitivity of the Ca2"-dependent inactivation of calcium current (Ic.) were examined in intact cell bodies from the abdominal ganglion of Aplysia californica under two-electrode voltage clamp.
photolysed before a test pulse or between a prepulse and a test pulse. The predominant effect of further light flashes was to increase the amount of noninactivating current (I,, ) remaining at the end of long (> 1 s) depolarizing pulses. 4 . A rapid increase in [Ca2+] i buffering during Ic inactivation did not cause a rapid recovery of current but merely reduced the rate and extent of subsequent inactivation. This effect was not seen when Ba2" was the charge carrier.
5. Photolytic release of Ca2+ from nitr-5 produced estimated Ca2" jumps of 3-4 ,u1m at the front surface of the cell but failed to augment inactivation either before or during Ic. In contrast, photolysis of DM-nitrophen 10-90 ms before the test pulse decreased peak Ic by about 30 %. A flash given during Ic. rapidly blocked 41 + 3 % of peak current with a time constant of 3-4 ms at 17 'C. Similar results were seen with the barium current (IBa). 6. Microinjection of the potent phosphatase inhibitor microcystin-LR (5 /IM) had variable effects on Ica inactivation and augmented the cyclic AMP-induced depression of the delayed rectifier (IKE)) by forskolin (100,UM) and 3-isobutyl-1-methylxanthine (IBMX; 200 /LM).
7. Full recovery from inactivation measured in two-pulse experiments took at least 20 s. This slow recovery process was unaffected by increases in intracellular cyclic AMP elicited by direct injection or by bath application of forskolin and IBMX. It was also unaffected by decreases in cyclic AMP induced by injecting 2',5'-dideoxyadenosine (1 mM) or bath application of the Rp isomer of cyclic adenosine 3', 200 /uM) . INTRODUCTION Inactivation of the macroscopic neuronal Ca2+ current (ICa) in Aplysia californica is predominantly mediated by an increase in the intracellular free Ca21 concentration ([Ca2+] 1) and displays little voltage dependence (Eckert & Tillotson, 1981;  Eckert & Ewald, 1983; . Inactivation is experimentally observed as either the decline of ICa during a long depolarizing pulse or as the loss of peak current in a test pulse following a prepulse. This phenomenon is seen to varying degrees in many other invertebrate and vertebrate neurons and has been extensively reviewed Chad, 1989) .
Despite the large body of evidence supporting this general mechanism there is little specific information regarding the location, sensitivity and kinetics of the interaction between [Ca2+] i and the inactivation site. The Ca21 sensitivity of the inactivation site in intact neurons has previously been inferred from experiments in which resting [Ca2+] i has been manipulated by the intracellular injection of Ca2+ or Ca2+-buffer mixtures (Eckert & Tillotson, 1981; Plant, Standen & Ward, 1983; Chad, Eckert & Ewald, 1984; Gutnick, Lux, Swandulla & Zucker, 1989) . While these studies provide information about the effects of changes in steady-state [Ca2+]i on inactivation, they do little to mimic the spatial and temporal changes in [Ca21] i that are believed to occur in the Ca21 'domain' surrounding each individual Ca21 channel during activation  Simon & Llinas, 1985; Zucker & Fogelson, 1986; Sherman, Keizer & Rinzel, 1990) .
Recently, two photolabile calcium chelators (nitr-5: Adams, Kao, Minta, Grynkiewicz ; dimethoxy (DM) nitrophen: Kaplan & Ellis-Davies, 1988) have been developed that can elicit rapid (i.e. <1Ims) increases in Ca2+ after photolysis by ultraviolet (UV) light. DM-nitrophen has already been successfully used to characterize the onset kinetics of Ca2+-dependent inactivation of ICa currents in perfused chick dorsal root ganglion cells (Morad, Davies, Kaplan & Lux, 1988) and Lymnaea snail neurons (Johnson & Byerly, 1991) . A possible problem in these whole-cell perfusion experiments is the wash-out of cytoplasmic factors (such as kinases and phosphatases) that might regulate Ca2+-dependent inactivation (Chad & Eckert, 1986;  Armstrong & Eckert, 1987;  Armstrong, 1989) . This explains the importance of studying inactivation in intact neurons.
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Ca`2 CURRENT INACTIVATION IN APLYSIA NEURONS In this paper, the onset kinetics of Ca2"-dependent inactivation are investigated in intact Aplysia neurons using DM-nitrophen. This approach is complemented by using the novel photolabile BAPTA (1,2-bis(O-aminophenoxy)ethane-N,N,N',N',-tetraacetic acid) derivative diazo-4 (Adams, Kao & Tsien, 1989) to produce rapid drops in [Ca2+] i before, during and after the development of Ca2"-dependent inactivation. Finally, Ca2"-dependent inactivation is studied in metabolically altered neurons to address its possible regulation by phosphorylation and dephosphorylation.
Preliminary accounts of some of these experiments have been previously published in abstract form (Fryer & Zucker, 1990 , 1991 .
METHODS
Experiments were performed on single identified cells in abdominal ganglia dissected from Aplysia californica. Details of the ganglion removal, desheathing, axotomy and solution changes have been previously described (Kramer & Zucker, 1985;  Lando & Zucker, 1989) . Most experiments were done on axotomized left upper quadrant neurons, particularly L3 and L6 which have been shown to possess a Ca2+-activated K+ conductance (IK(ca) ) that is largely abolished by extracellular tetraethylammonium (TEA+) ions (Deitmer & Eckert, 1985) . Other, non-axotomized cells used that displayed robust Ca2" currents were R15 and L8. Cell body diameters ranged from 200 to 400 1um. All results in this paper are from cells that had stable resting potentials more negative than -40 mV or displayed bursting in normal artificial sea water. Experiments were carried out at a temperature of 17 + 0-2°C (maintained with a Peltier effect cooler) unless otherwise noted.
Voltage clamp
Details of the two-electrode voltage clamp technique employed have been previously described (Smith & Zucker, 1980;  Kramner & Zucker, 1985) . In all Ica experiments, the voltage and current electrodes were filled with 3 M CsCl and had resistances of 1-5 MCI. The calculated series resistance error for the magnitude of the currents in this paper (< 0 5 ,1A) was less than 1 mV and was not compensated. All currents (unless otherwise noted) have had linear leak and capacitive current transients subtracted using the 'P/2' or 'P/3' hyperpolarizing step procedure (Chad & Eckert, 1986) . In some cases, the 'difference' ICa is shown, i.e. the difference between the raw ICa and the residual current after block by 15 min perfusion with 10 mm Co2+. Stimulus protocols and data aquisition were controlled by an AXOLAB-1 interface using either AXESS (version 1.0) or pClamp (version 5.0) software (Axon Instruments, Burlingame, CA, USA). In most experiments the acquisition speed was 2-5 kHz. All analysis and postprocessing of data was done using pClamp (version 5.0). The variability among measurements is expressed as the mean + standard error of the mean.
Solutions
Extracellular. The normal artificial sea water (NASW) contained (mM): NaCl, 490; KCl, 15; CaCl2, 10; MgCl2, 50; Na-Hepes, 10. For ICa studies TEA+ was substituted for Na+ and K-Hepes substituted for Na-Hepes with the KCl decreased to maintain the same total K+. For Ba2+ current ('Ba) studies, Ba2+ was substituted for Ca2". At the end of most experiments ICa and IBa were blocked with a similar solution that contained Co2+ in place of the Ca2+ or Ba2+. All solutions had a final pH of 7-5 and contained tetrodotoxin (TTX; 30 uM) and 4-aminopyridine (4-AP; 4 mM). In experiments on the delayed rectifier K+ current (IKy()) tetramethylammonium (TMA+) replaced TEA+, Co2+ replaced Ca2' and 4-AP was omitted.
Forskolin and 3-isobutyl-1-methylxanthine (IBMX) (Sigma Chemical Co., St Louis, MO, USA) and the Rp isomer of cyclic adenosine 3', 5'-monophoshothioate (Rp-cAMPS) (BioLog Life Science Inst., Bremen, Germany) were diluted in the appropriate saline to the desired concentration and applied directly to the bath. The stock solution of forskolin was 25 mM dissolved in ethanol. IBMX and Rp-cAMPS solutions were freshly prepared for each experiment. (Adams et al. 1989) . Stock solutions contained 50-100 mm diazo-4 and 100-200 mm K-Hepes, pH 7-5. The final solution used for pressure microinjection contained 30-60 mm diazo-4, 1P5 M CsCl (for further suppression of contaminating K+ currents) and 3-6 mm arsenazo III. CsCl was omitted in experiments designed to test the effects of intracellular diazo-4 alone ( Fig. IA and B) . In some experiments, the absorbance of the neuron was monitored at the isosbestic point of arsenazo (577 nm) during injection (Smith & Zucker, 1980; Lando & Zucker, 1989) . This allowed us to estimate the final concentrations of arsenazo and diazo-4 in the cell.
We used diazo-4 instead of diazo-2 because it has two photolysable diazoacetyl groups instead of one and thus undergoes a much larger affinity change for Ca2l than diazo-2 upon photolysis (1600-fold versus 40-fold The equipment and procedures used for flash photolysis and in vitro spectrophotometry have been extensively documented elsewhere (Tsien & Zucker, 1986; Lando & Zucker, 1989; Delaney & Zucker, 1990) . A 200 J electrical discharge (corresponding to about 190 mJ cm-2 of light energy in 0 5 ms) photolysed 30 % of 50 % Ca2"-loaded DM-nitrophen and 30 % of 3 % Ca2"-loaded diazo-4 in microcuvettes. In cells, this amount of photolysis occurs near the front surface where the light intensity is greatest. Volume-average changes in the amount of photolysed compound depend on the cell volume as well as the UV absorbance properties of both the compound and the cell. After the flash the concentration of photolysis products at the front surface decreases as diffusion and subsequent equilibration occur throughout the cell. Following the 2 min post-flash equilibration period used in some of the experiments we estimate that 5 % of the volume-average diazo-4 is photolysed in a 300,m diameter cell (see Appendix (Zucker, 1992) allowed the calculation of steady-state values of Ca2" after each flash. These values were compared with those generated by a computer model similar to that described earlier 504 Ca`2 CURRENT INACTIVATION IN APLYSIA NEURONS (Delaney & Zucker, 1990) . This model solves the equilibrium reactions of unphotolysed DMnitrophen and its photolysis photoproducts with Ca2l and includes the competing binding of Ca2" to fura-2. The predicted evolution of [Ca2"] , to successive flashes matched that observed experimentally when each 200 J flash was assumed to photolyse 30 % of the DM-nitrophen remaining in the cuvette. The model also includes a calculation of the transient rise in [Ca2"] , that occurs immediately after the rapid photolysis of DM-nitrophen, but before released Ca2" has time to re-equilibrate with the remaining unphotolysed DM-nitrophen. This rebinding occurs on a millisecond time scale (Zucker, 1993) .
For calculations of Ca2" transients in cells filled with DM-nitrophen and exposed to light flashes, the same model was used, with the inclusion of competing reactions of unphotolysed DMnitrophen, its photoproducts, and ATP with Mg2", and also the binding of Ca2" to a native buffer. Concentrations of 3-5 mm free Mg2", 3 mm Mg-ATP and 1P25 mm native buffer with an affinity of 12'S 5uM were assumed (see Delaney & Zucker, 1990 Ca2") assuming that the probability of photolysing each site of diazo-4 was 0'30 at the surface of the cuvette. We consider the model to be reasonably predictive of [Ca2"] decrements at the front surface of neurons based on the similarity of results between cuvettes and intact cells seen in a previous study of nitr-5 photolysis (Lando & Zucker, 1989 Variability in the size of the artifact precluded the possibility of digital subtraction. This fast, electrical artifact has been noted by other workers in the field using a similar flashlamp (Hadley & Lederer, 1991) . The possibility of a longer term increase in leak conductance triggered by the flash was checked by (1) the full return of current to the same level as the control upon return to the holding potential and (2) observing the magnitude of current flow during small hyperpolarizing pulses immediately following the 'flashed' pulse. In approximately one in ten 'flashed' cells the current trace stayed inward relative to the control upon return to the holding potential and leak currents were much larger than control in hyperpolarizing test pulses. Results from damaged cells such as these were discarded.
RESULTS
Effect of unphotolysed diazo-4 on membrane currents Figure 1A shows the results from an experiment in which the effect of increasing concentrations of intracellular diazo-4 on the total current was measured in a NASW-TTX saline. It can be seen that successive injections ultimately eliminated the slowly developing outward current component present at -15 mV and greatly diminished the slow tail current that was normally present after partial repolarization to -25 mV. In three experiments of this type a final cytoplasmic diazo-4 concentration of 2'4 + 0'5 mm eliminated all of the outward current component, leaving a calcium current that still displayed inactivation. The current that was selectively eliminated by diazo-4 injection was IK(ca) because the Ca2+-activated non-specific cation component of current ('Ns(ca) ) is negligible at these potentials (Lando & Zucker, 1989 (Deitmer & Eckert, 1985) .
all double-pulse experiments the amount of inactivation experienced by the second pulse was determined as 1-(P2/Pt) where Pt and P2 are the peak calcium currents attained during the first and second stimulus pulses respectively. Thus in the two experiments mentioned above inactivation was reduced from 0 37 to 0-28 and from 0-42 to 0-25 after diazo-4 injection. 
Effect of steady diazo-4 photolysis
The aim of preliminary experiments was to confrim that cytoplasmic calcium buffering was increased after diazo-4 photolysis. In these experiments photolysis was achieved using a steady, collimated UV light source. The increase in [Ca2] i buffering resulting from such photolysis and its effects on ICa inactivation are demonstrated in Fig. 2 . Figure 2A shows the effect of a 1'5 s UV light exposure on the decline of peak Ica during a train of stimuli at 0 5 Hz. Two effects may be discerned: (1) a reversal of the decline in peak Ica between pulses 3 and 4 (control neurons (Tillotson, 1979) . Using this protocol, a number of studies (Eckert & Tillotson, 1981; Eckert & Ewald, 1983) have shown that EGTA injection causes (1) an increase in Pt amplitude, (2) a diminished inactivation of peak Ica in P2 relative to Pt, and (3) a decrease in the rate of ICa relaxation during the depolarizing step.
In Fig. 2B the effect of prolonged, steady photolysis of diazo-4 on two-pulse ICa inactivation is shown. After diazo-4 photolysis peak inactivation was reduced from 507 R I 0-38 to 0-25 and PI amplitude was increased 14 % indicating a relief of Ca2+-dependent inactivation. The decay time constant ('r) of ICa in PI slowed from 270 to 386 ms. There was no significant change in T for ICa during P2.
Rapid diazo-4 photolysis between pulses
In subsequent diazo-4 experiments a much faster photolysis was achieved (about 0 4 ms) using a xenon arc flashlamp. This enabled us to see how quickly a sudden drop in [Ca2+] i could retard the process of inactivation. The result of photolysing diazo-4 in the interval between two pulses is shown in Fig. 2C . The dominant effect was an increase in P2 amplitude relative to P1. In three experiments of this kind inactivation was reduced from 0 44 + 0 03 to 0 34 + 0 03.
For relatively long pulses (> 1 s) the ICa remaining at the end of a depolarizing command is relatively steady and non-inactivating. This component (termed I.)
has been previously described by Chad, Eckert & Ewald (1984) . When a cell injected with diazo-4 was exposed to a series of flashes the most consistent and recognizable effect was a progressive increase in IO. Figure 2D shows the results from an .r (control range 10-17 5 nA) increased from 17-7 + 0'8 % of peak ICa to 40-2 + 6-1 %, indicating a 27 % reduction in the inactivation from 0-82 to 0-60. It was noted in two experiments (i.e. Fig. 2D and one other experiment where multiple flashes were given) that successive flashes produced diminishing percentage increases in I. and hence decreases in inactivation. Thus the first flash (Fig. 2D ) decreased inactivation from 0-80 to 0 7 (10 % change) while the next three flashes combined to further decrease it to 0-64 (another 10 % change). There was no change in peak ICa after a flash in six of ten experiments. In the remaining four, peak ICa was increased by 12-5 + 2-5 %. No further changes in peak ICa occurred over the course of another three flashes. Figure 3C illustrates the effect of successive flashes given during Ica As was seen in Fig. 2D , repeated flashing of the same cell caused incremental (but diminishing) changes in the extent of inactivation. In Fig. 3C inactivation at the end of the pulse is reduced from 0-80 to 0-67 by one flash and to 0-62 by the second flash. In one other identical experiment the inactivation changes were from 0 77 to 0-65 to 0-58 respectively.
Diazo-4 photolysis during IBa Figure 3D shows the superimposition of barium currents recorded before, during and after flash photolysis of diazo-4. The rate of 'Ba decay is much slower than that of Ica and is similar to that of Ica in EGTA-injected cells (Eckert & Tillotson, 1981 
Inactivation initiated by photolysis of caged calcium
The initiation of Ca2"-dependent inactivation of Ica was originally attempted with nitr-5 (Fig. 4) . Nitr-5 loaded 70 % with Ca2" was pressure injected to a cytoplasmic concentration of about 10 mm. Peak Ica was decreased by 23 + 5 % (n = 15) after injection. A single 200 J flash was estimated to raise [Ca2+] i at the inner membrane from 1-4 to 5X2 /zM (Lando & Zucker, 1989 Kaplan, 1990 30 % (30 + 3-8 %, n = 4) (Fig. 5A) . Effects on the decay of Ica were variable. In two of the experiments (one of which is shown in Fig. 5B ) the decay time constant (T) was decreased by 11 and 46 % after the flash despite the reduced amplitude. In the other two experiments, T was increased 57 and 97 %. Complete recovery from DM-nitrophen-induced inactivation took approximately 2 min (Fig. 5A ). The intervening recovery period was not studied in detail, but appeared similar to the slow time course of recovery seen in the twin-pulse experiments described later in this paper (see Fig. 8 ).
DM-nitrophen photolysis during Ica
The results illustrated in Fig. 5A and B suggested that the onset of Ca2+-dependent inactivation was rapid. To more accurately discern the kinetics of this process we photolysed DM-nitrophen during ICa. Figure 5C shows that the Ca"+ pulse rapidly inactivated a large portion of ICa during a step to -5 mV. In five experiments, 41 + 3 % of ICa was blocked (relative to the control current at the point of photolysis). The time course of this effect at 17°C was well fitted (after subtraction of the decay of ICa during the control step) by a single exponential (Fig. 5C, inset) with a time constant of 3-3 + 0 5 ms (n = 5). 
DM-nitrophen photolysis during 'Ba
In two experiments barium currents were recorded in zero Na+, TEA', Ba2+ Fig. 7B . We confirmed that MLR was affecting endogenous protein phosphatases by looking at its effect on IK(v) (Fig. 7A) . The effect of intracellularly injected MLR (5 /sM) alone was a small decrease in peak current (15 + 5 %, n = 3). A more profound effect was a sensitization of the cells to the subsequent addition of forskolin and IBMX (Fig. 7A) . Thus the normal latency of the forskolin-IBMX effect was dramatically shortened (from 15 to 25 min to < 5 min) and the magnitude of IKyV) block enhanced (from 25+5 to 68+ 7 %). A cyclic AMPdependent decrease in IK(v) has previously been reported for Aplysia bag cell neurons (Strong & Kaczmarek, 1985) .
Effects of cyclic AMP-dependent phosphorylation on recovery from inactivation The recovery from inactivation measured in twin-pulse experiments characteristically displays bi-exponential kinetics (Tillotson & Horn, 1978; Adams & Gage, 1979; Plant & Standen, 1981 ) with a fast time constant of tens to hundreds 513 of milliseconds and a slow time constant of seconds to tens of seconds. In the present experiments we focused on the slow phase of recovery, which should be less influenced by the late opening of Ca2+ channels during the long (200 ms) prepulse. Single-exponential fits between interpulse intervals of 0-2 and 20 s typically gave Figure 8A shows results from the three F-I experiments. The recovery curves were virtually identical before and after drug application. Similar results were seen with direct cyclic AMP injection (3 experiments, not shown). Both Ca2+ CURRENT INACTIVATION IN APLYSIA NEURONS methods effectively reduced the peak amplitude of IK(y) (F-I, 25+5/%, n = 3; cyclic AMP, 21 + 3 %, n = 3) while having no effect on peak ICa or subsequent inactivation.
A decrease in cAMP-dependent phosphorylation was effected by (1) inhibition of adenylate cyclase (DDA) or (2) inhibition of cyclic AMP-dependent protein kinase activation (Rp-cAMPS). Intracellular injection of DDA to approximately 1 mm caused a slow decline in peak ICa that stabilized after 20-30 min at 77 + 2 % (n = 3) of the pre-injection control. There was no significant effect of DDA on ICa inactivation or its recovery at this time (Fig. 8B) . Bath application of min) had no effect on peak ICa' inactivation or its recovery (3 experiments, Fig. 8C) 
Predicting effects of diazo-4 photolysis with a 'shell' model
Injection of 2 5 mm diazo-4 increased peak ICa slightly and reduced inactivation about 10 % (Fig. 1) . Photolysis by a 200 J flash or 2 s of 150 W illumination increased ICa and reduced inactivation a further 20 % (Fig. 2) . Photolysis of diazo-4 during or after a pulse never led to recovery of ICa or reversal of inactivation (Figs 2 and 3, Table 1 ), but only reduced inactivation in subsequent pulses by about 30 %.
Photolysis of one diazo-4 molecule produces two H+ ions (Adams et al. 1989) . A 200 J flash photolysed about 30 % of diazo-4 at the front surface, so a cell filled with 2-5 mm would release 1-5 mm H+. Considering the H+ buffering capacity of Aplysia cytoplasm (Zucker, 1981) , this should reduce cytoplasmic pH by only 0-025 units, which is unlikely to affect the responses observed.
In our first effort to understand these results, we used a 'shell' model (Smith & Zucker, 1980; Standen & Stanfield, 1982; of the effect of diazo-4 photolysis on submembrane [Ca2+]i during depolarizations. ICa was represented as a uniform influx described by a Hodgkin-Huxley-type formula fitted to a typical record. Ca2" diffused inwardly with binding to the various forms of diazo-4 calculated from our model of photolysis (see Appendix) and to 0-44 mm of an immobile buffer of 4.4 fM affinity, similar to that reported in molluscs (Alema, Calissano, Rusca & Giuditta, 1973; Krinks, Klee, Pant & Gainer, 1988 ) and identical to singly photolysed diazo-4 to simplify calculations. Ca2" was extruded by uptake into organelles and a surface membrane pump adjusted to match experimental measurements (Smith & Zucker, 1980) . Fig. 9 shows the effect of a 200 J flash presented between two pulses as in Fig. 2C . Ca2+ accumulation at the front surface is practically abolished during the second pulse, so that whole-cell ICa inactivation should be reduced to half, while in fact the effect on inactivation during the pulse was much less.
The 'shell' model therefore provides a qualitative, but not quantitative, explanation of the results. Refining the model by increasing ICa slightly after photolysis has almost no discernible effect on the predictions, and using mobile buffers for diazo-4 photoproducts would only increase the rate of Ca2`diffusion from the membrane and so increase the disagreement with experimental observation.
Implications of the results with nitr-5 and DM-nitrophen
The most serious problem with the 'shell' model is that submembrane [Ca2+]i never exceeds 1-2 5 /M (depending on the magnitude of ICa in each experiment (Fig.  5A ) a depolarizing pulse. Since only the front surface of a 300 ,um diameter cell is exposed to significant light intensity (Lando & Zucker, 1989) , this result corresponds to a virtual elimination of ICa at the front surface.
The effects of DM-nitrophen photolysis on Ca are due to Ca2' rather than H+ or Mg2+ release because (1) the predicted pH change from H+ release is less than 0-02 units and (2) photolysis of Mg2+-loaded DM-nitrophen failed to affect ICa. (Zucker, 1993) . The high resting level is caused by competition of Mg2+ (3-5 mm free, plus 3 0 mm bound weakly to ATP) with Ca2+ for the same binding site on DM-nitrophen. To analyse the effect of diazo-4 photolysis on local [Ca2+]i near channel mouths, we developed a 'domain' model of Ca2+ diffusing spherically away from a channel. A single channel current of 0 35 pA was assumed to last for 1 ms, and this current was doubled to account for diffusion into a semi-infinite space. Ca2+ bound to and dissociated from four diffusible buffers at each time step in each 10 nm shell. [Ca2+]i was calculated out to 1 ,sm from a channel mouth, where it was negligibly perturbed from rest.
For a native buffer, we assumed an initial concentration of 1 mm, a binding constant of 108 M-l s-' and a dissociation rate of 2000 s-1, yielding a dissociation constant of 20 #M. The binding parameters match the quantity and buffering capacity of cytoplasmic buffer measured in molluscan neurons (Smith & Zucker, 1980; Krinks et al. 1988 ); a fast binding rate is assumed by analogy with T-sites of Ca2+-binding protein in muscle (Robertson, Johnson & Potter, 1981) , and because transients of unbuffered [Ca2+]i are not observed to brief Ca2+ influx, even on a millisecond time scale (Charlton, Smith & Zucker, 1982) . A diffusion constant of 10-7 cm2 S-1 was assumed, appropriate for a large protein. The other three buffers were unphotolysed, singly photolysed, and doubly photolysed diazo-4 diffusing at 5 x 1OV cm2 s-'. They were assigned a binding rate of 5 x 10`8 M-l s-' , and the unbinding rates were calulated from the dissociation constants. The starting concentration of each buffer was determined from calculations of the effects of a 200 J flash on diazo-4. Ca2' diffused at a rate of 6 x 10-6 cm2 s-'. Table 2 shows the calculated levels of [Ca2+]i at different distances from a channel mouth at the end of a 1 ms opening.
[Ca2+]i rose to 90 % of these levels within 10 ,ts, which explains why there is no correlation between the duration of channel opening and the likelihood of subsequent inactivation (Lux & Brown, 1984 Ca2+ CURRENT INACTIVATION IN APLYSIA NEURONS strongly on distance from the channel mouth. The predicted effects at 20-30 nm match the experimental effects of diazo-4 most closely; that is, they predict about twice the magnitude of effects that we observe for a flash that illuminates only the front half of the cell. They also fit our expectation that DM-nitrophen inactivates channels by elevating [Ca2+] i to tens of micromolar. We suppose that Ca2+ channels inactivate rapidly as they open, and that the development of macroscopic inactivation reflects the progressive inactivation of channels as more and more open. Release of Ca2`from DM-nitrophen inactivates virtually all front surface channels immediately, indicating that closed channels are also inactivated by a rise in [Ca2+] ,, but that normally only open channels ever experience a rise in [Ca2+]i sufficient to inactivate them. If Ca2" acts 20-30 nm from channel mouths, it may act on a separate target protein associated with Ca2`channels. Alternatively, Ca2+ may act at a channel site that has obstructed access from the channel mouth, for example, under a rim of the channel. The results so far suggest a channel is inactivated only by Ca2+ entering through its own pore. The effect of Ca2+ entering through other channels is represented by the 'shell' model (Fig. 9) , which predicts too much Ica inactivation. Moreover, the nitr-5 results show that the expected level of [Ca2+] i from neighbouring channels is insufficient to initiate inactivation. However, this conclusion is only correct for a uniform distribution of Ca2+ channels. If Ca2+ channels occur in clusters, then the Ca2+ entering through adjacent channels might reach substantially higher concentrations than if channels were evenly distributed as in the 'shell' model, and Ca2`channels might be influenced by ions entering through near neighbours (Mazzanti, DeFelice & Liu, 1991; Imredy & Yue, 1992 Gutnick et al. (1989) described voltage-and Ca2+-dependent components of inactivation in snail neurons. Their chief evidence for a voltagedependent component of inactivation was that the recovery from inactivation was accelerated by a hyperpolarizing pulse. We have confirmed previous observations (Eckert & Tillotson, 1981) that no such voltage-dependent 'repriming' is present in the cells we studied. Gutnick et al. (1989) regarded the modest effects of EGTA and BAPTA injection on ICa as indicating that Ca2+ must act at least tens of micrometres away from Ca2+ channel mouths, and at concentrations of 1 ASM or less.
In contrast, our results suggest that Ca2+ acts at about 25 nm from channel mouths, at a concentration of about 40 uM, to rapidly inactivate channels that open.
We wanted to know whether a slow buffer like EGTA acting at single channels could have effects similar to those reported. Injection of 10 mm EGTA into snail neurons (Plant et al. 1983; Gutnick et al. 1989 ) increased the peak current by about 30 % and reduced the rate and extent of inactivation by a similar amount; injection of 30 mm EGTA in Aplysia neurons had similar but larger effects . Assuming association and dissociation EGTA binding constants of 0-96 x 107 M-1 Sand 0-872 s-' (Neher, 1986 ) and a diffusion constant of 5 x 10-7 cm2 s8-, we calculate that 10 mm EGTA would reduce [Ca2+]i 20-30 nm from a channel mouth by about 25 %. Plant et al. (1983) and Gutnick et al. (1989) immediately following depolarization. The current is enhanced roughly twice as much as is observed in cells in which only half the surface is exposed to the effects of a photolytic flash of light (cf. Fig. 2D ). The long-dashed line shows that minor adjustments of h, and k34 lead to inactivation with a double-exponential time course. Figure 10 shows the behaviour of this scheme with k112 = 5-', 1 = 100 s-1 k23 = 0 s-1, k32 = 500 s-', and k34 = 100 s-' at rest. On depolarization, k32 drops to 0 and k23 rises to 100 s-1. Reducing k34 from 100 to 67 s-' increases peak current 40 % and shifts the peak from 20 to 30 ms, and reduces inactivation slightly. The effects on the peak are about twice those observed (Fig. 2D) , as expected if only half the cell surface is affected by a flash. The effect on the rate of inactivation is somewhat smaller than seen experimentally.
This scheme also provides a simple explanation for the non-exponential time course of inactivation that is sometimes seen . Either reducing k1
or increasing k34 so that they are no longer equal achieves this effect. An example, with 1, = 75 s-' and k34 = 125 s-5 at 0 mV, is shown in Fig. 10 .
In conclusion, the simple scheme considered here produces most of the kinetic characteristics of ICa The results provide the first demonstration in intact neurons (Fig. 5C ) that the onset kinetics of Ca2"-dependent inactivation of ICa are rapid (-r -3-4 ms at 17°C). Similar results have been reported for intracellularly perfused neuronal preparations using DM-nitrophen (Morad, Davies, Kaplan & Lux, 1988; Johnson & Byerley, 1991) . The rapid block of ICa suggests direct binding of Ca2" to the inactivation site but does not exclude the possibility of Ca2" channel dephosphorylation by membrane-and Ca2"-dependent phosphatase. We have shown that the phosphatase inhibitor microcystin-LR (MLR) sensitizes IK(V) to the effects of forskolin and IBMX (Fig. 7A ) but has variable effects on ICa inactivation. The former effect is presumably due to inhibition of endogenous protein phosphatase (PrP) types 1 and 2A in a manner analogous to the prolongation of the cyclic AMP-mediated suppression of S-K+ channels previously reported by other laboratories (Ichinose et al. 1990 ). This is consistent with the observation that MLR is 2000 times more potent at inhibiting PrP1 and PrP2A than the Ca2"-dependent PrP2B (calcineurin; Ichinose et al. 1990 ). However, the intracellular concentrations we have used (500-5000 nM) should also have been effective on PrP2B. MLR enhanced peak ICa and I. in two of five experiments but had little effect on ICa in the other three.
This variability of results is reminiscent of the cell-specific variation in the response of Ic. in molluscan neurons to changes in intracellular cyclic AMP (Hockberger & Connor, 1984) . The increase in Ic. might thus be related to MLR inhibition of PrP1 and PrP2A rather than calcineurin. Such a mechanism appears to account for the okadaic acid-induced increase in Ic. in cardiac myocytes (Hescheler, Mieskes, Ruegg, Takai & Trautwein, 1988) . The unambiguous determination of the participation of calcineurin in Ic. inactivation in Aplysia neurons clearly requires the use of a more specific phosphatase inhibitor. In comparative terms it is perhaps relevant that Aplysia neurons contain much less calcineurin than mammalian neurons and it appears to be cytosolic in origin rather than membrane bound (Endo et al. 1992 ).
[ (Tillotson & Horn, 1978; Plant & Standen, 1981 The most likely Ca2+-independent enzymatic mechanism responsible for slow recovery has been considered to be rephosphorylation by a cyclic AMP-dependent protein kinase Chad & Eckert, 1986; Chad, 1988; Armstrong, 1989) . If this mechanism controls recovery of ICa in intact neurons then changes in endogenous kinase activity should change the rate of recovery. We found that neither inactivation nor its recovery rate was affected by increases and decreases in adenylate cyclase activity (Fig. 8A and B) or direct prevention of cyclic AMPdependent protein kinase activation (Fig. 8C ). These treatments have been shown to be effective on K+ currents in this preparation and K+ and Ca21 currents in other preparations (Grega & Macdonald, 1987; Wang, Salter & McDonald, 1991) . Chad (1988) also found that recovery from inactivation was independent of the kinase concentration in dialysed Helix neurons. These results strongly suggest that recovery from inactivation is not due to calcium channel rephosphorylation by a cyclic AMP-dependent protein kinase. Whether a different kinase system is involved in recovery remains to be tested.
APPENDIX

Computational model of diazo-4 photolysis
In order to interpret the effects of photolysis of diazo-4 on Ic, we needed to know how this buffer would be affected by flashes of light when injected into cells. For this purpose, a computer model was devised that was similar in structure to one described earlier (Lando & Zucker, 1989) . Briefly, the model begins by calculating experiments, no provision for Ca2' extrusion or uptake was included. The volumeaverage mixture of diazo-4 and its photoproducts can be used as a starting point for calculation of the effects of additional flashes on the front surface of the cell, or on the bulk cytoplasm after diffusional equilibration, which takes about 2 min in 300,m diameter cells (Lando & Zucker, 1989) . Ca`2 CURRENT INACTIVATION IN APLYSIA NEURONS Diazo-4 was chosen rather than diazo-2 because the fully photolysed product shows a large enhancement in Ca2"-binding affinity. The photolysis is complicated by the fact that one molecule of diazo-4 can absorb one photon and undergo a 40-fold increase in affinity, or two photons to increase affinity 1600 times. Furthermore, in 10 % of the effective photon absorptions, the active diazoacetyl site is converted to an inactive form with similar affinity to unphotolysed diazo-4, but which is not subject to further photolysis. Thus, after partial photolysis, diazo-4 exists as six species -fully photolysed, one site unphotolysed and one site inactivated, and doubly inactivated (all with low affinity), singly photolysed, and singly photolysed and singly inactivated (both with medium affinity), and doubly photolysed (with high affinity). The conversion probabilities were calculated for each of nine possible transitions (fully photolysed to any of the five remaining forms, singly photolysed to doubly photolysed or to singly photolysed and singly inactivated, and singly inactivated to doubly photolysed or to singly photolysed and singly inactivated), as a function of light intensity. For example, suppose a flash affected each active site with probability P, with P1 probability (0 9 P) of photolysing the site and probability P2 (0-1 P) of inactivating the site. Then the transition probability for converting unphotolysed diazo-4 to the singly inactivated form is 2P2(1-P1 -P2). Thus the effect of a flash of a given intensity on the concentrations of the different species of diazo-4 could be computed. To calculate the effects on [Ca2+]i, Ca2' dissociation constants of 180 UM, 4-4 /SM, and 110 nM were used for unphotolysed, singly photolysed, and fully photolysed diazo-4, corrected from the values in 100 mm KCl (Adams et al. 1989) for the ionic strength of marine cytoplasm and assuming an ionic strength dependence similar to that of nitr-5 (Tsien & Zucker, 1986 
